Nowadays, high-precision machines require lightweight materials with very high strength. Ion implantation is used to improve the mechanical strength of the material. A further paper presents the influence of manganese and nitrogen ion implantation on changes of microhardness of the surface layer of cobalt alloy. Samples were analyzed with the SEM-EDS Phenom ProX microscope. Microhardness was assessed with the Vickers method, and the loads of 1 gf (0.00981 N) and 5 gf (0.049 N) was applied using a FM-800 from Future-Tech microhardness meter. At a load of 1 gf, the penetration depth of the implanted specimens was reached not exceeding 0.5 um. At this depth, all samples showed an increase in microhardness compared to the unimplanted sample. The highest increase in microhardness was achieved after implantation of Mn ions with dose D=1•10 17 Mn + /cm 2 and energy E=175 keV. The increased load on the indenter to 5 gf reduced the microhardness differences between implanted and unimplanted samples.
INTRODUCTION
The construction of modern machines is inseparably connected with the need to develop construction materials that will allow to reducing the weight of equipment while increasing its reliability. In the case of combustion engines, such components as high-pressure fuel injectors, control valves in hydraulic systems, valves sealing the combustion chamber are responsible for the efficient operation of the entire unit. The proper strength of the surface layer plays an important role in the efficient operation of these components. Damage to the surface layer can affect the continued usability of the entire machine. Therefore, work is underway to improve the strength properties of the surface layer of materials.
One of the groups of materials used in the construction of internal combustion engines are cobalt alloys commonly referred to as Stellites. They are characterized by acid resistance, heat resistance and low susceptibility to corrosion. These features make the Stellites find their application as a material for the construction of turbochargers' rotors, flow valves, etc. Frequent use of Stellites is also found in the form of material for surfacing valve faces and valve seats [1, 2] . This results from the working conditions of valves, which are exposed to high temperatures and the presence of aggressive exhaust gases, where low thermal expansion of Stellite and acid and heat resistance are very desirable features [3] . The analysis of engine valves shows that they are also subjected to mechanical loads resulting from the continuous hitting of the valve seat against the valve seat surface. Therefore, it is also important to improve the material to achieve the required hardness and fatigue resistance. For increasing the hardness of metal alloys various surface engineering processes can be used such as surface laser treatment [4, 5, 6] , work hardening [7, 8] , shoot peeing [9] . The purpose of the present paper is to investigate the effect of shot peening on the state of the surface layer and corrosion resistance of specimens made of Ti-6Al-4V titanium alloy produced in Direct Metal Laser Sintering (DMLS or application of thermally sprayed coatings [10, 11, 12] . The ion implantation process can also be used for this purpose.
Ion implantation allows to implant into the structure of the material atoms of any element, which will change the tribological and strength properties. There are many examples of improvement of material properties after ion implantation [13, 14, 15] . A great advantage is also the insignificant influence of ion implantation on the dimensions of the workpiece, so this process can be used as the last stage of production of products that already have final dimensions [16] .
Besides the improvement of tribological properties, ion implantation contributes to an increase in mechanical strength. This is associated with an increase in the microhardness of the implanted element [17, 18] . The implantation process is accompanied with the appearance of compressive stresses and inclusions of nitrides, carbides, and borides. The implantation-induced hardening process depends on the type and dose of implanted ions and the temperature of the implanted material [19, 20] indicating a more confined plastic zone. Together, our observations suggest that heliuminduced defects initially act as efficient obstacles to dislocation motion, but are weakened by the subsequent passage of dislocations, causing a reduction in work hardening capacity [21, 22] . It has been proven that the increase in the microhardness of the implanted material is a permanent change, retained even in the heating process [23] .
Studies have been conducted so far indicating a slight increase in the microhardness of cobalt alloy Stellite 6 [24] . The nitrogen implantation with the energy of E=65 keV was performed. As the increase of microhardness was not sufficient for the practical application of ion implantation, an attempt was made to determine the influence of increased implantation energy on the changes in microhardness of the cobalt alloy. This paper presents the results of measurements of microhardness of Stellite 6 cobalt alloy implanted with N + ions with an energy of 120 keV and Mn + with the energy of 175 keV.
MATERIALS AND METHODS
Stellite was chosen for analysis due to its multiple applications as a material for a construction of the valves and valve faces. A commercial variety of Stellite 6 was chosen. The alloy comprises 27-32% Cr, 4-6% W, and 0.9-1.4% C. The samples for the analyses were taken from an f14 mm-diameter rod. Sample surfaces intended for the analysis were polished in order to achieve a roughness value of Ra<0.02.
The samples were subjected to the ion implantation process. The distribution of the implanted ions and vacancies at equal sample depths was calculated with the use of SRIM programs [25] . which are often used in research of the distribution of ions in the material [26, 27, 28] , and can be used as an input of SRIM codes for systematic analysis of primary radiation damage. Then the Bushehr Nuclear Power Plant (BNPP. Mn and N were the implanted elements. The implantation was carried out evenly over the entire surface of the sample. This paper presents the results of measurements of microhardness of Stellite 6 cobalt alloy implanted with N + ions with an energy of 120 keV and Mn + with the energy of 175 keV. The dose of the implanted ions varied between the samples. The values of the fluences of the implanted ions are presented in Table 1 .
After ion implantation, the samples were subjected to microhardness testing. The measurement was performed using a microhardness meter FM-800 from Future-Tech. The implanted samples and the unimplanted sample were analyzed in order to compare the microhardness results. Hardness was assessed with the Vickers method and the loads P of 1 g (0,00981 N) and 5 g (0.049 N) was applied. A microhardness value of HV 0.001 and HV 0.005 was determined based on the measurements. In all tests the loading time was fixed at 10 s. After indentation, microphotographs of the sample's surface were taken by the SEM-EDS Phenom ProX microscope. On their basis the diagonal length of imprint was determined and the value of microhardness HV was calculated. It is a common method for determining the microhardness of materials, based on the analysis of digital photos of the trace of indentation [29] . For Vickers hardness test, the indenter has a pyramidal with a square base shape with a semi-apex angle θ equal to 68° and the corresponding hardness number HV is calculated function of the actual contact area A t between the indenter and the material as follows:
The average diagonal length of the indexation area was also used to determine the depth of the imprint, based on the following equation:
RESULTS AND DISCUSSION
For preliminary determination of ion implantation, a numerical simulation was performed. Typically, numerical simulations correspond well with experimental results. Figure 1a presents the calculated (predicted) distribution of manganese ions implanted at energy E = 175 keV and a fluence of D=1•10 17 Mn + /cm 2 into Stellite 6 and vacancies generated thereby. It is evident that the calculated range of the implanted manganese ions that does not exceed 0.15 µm and the maximum concentration of vacancies are noted at a depth of ~0.06 to 0.08 µm. Calculated (predicted) distribution of nitrogen ions implanted at energy E=120 keV and a fluence of D=1•10 17 N + /cm 2 into Stellite 6 and vacancies generated thereby are shown in figure 1b . The calculated range of the nitrogen ions have a greater range than manganese ions and reach a depth of about 0.25 µm. The highest concentration of nitrogen ions occurs at a depth of about 0.15 µm.
The samples were analysed for microhardness. Several measurements were carried out to obtain a reliable result. Figure 2a-2e shows a microphotographs of the surface with visible areas of indentation, taken with a load of 1 gf.
The literature data indicate that the hardness of overlay welded or cast cobalt alloys ranges from 300-700 HV. Which depends strongly on chemical composition and applied indentation load [31, 32] . X-ray diffraction (XRD. Observation of the microphotographs shows that the areas of indentation are quite diverse on the surface of each sample. This may be due to the fact that the structure of the material is multiphase and contains hard compounds of tungsten or carbon, which were mentioned in the paper [24] . The porosity of the material is also noticeable, which is visible in the form of dark spots in Figure 3 . Conducted SEM-EDS spot analysis indicates that structure matrix (brighter phase -marked as A) is rich in Co and darker-like phases, marked as B, are enriched with Cr and C. In contrary to Co-rich phase, the Crbearing phases can be considered as hard phases which were acknowledged by hardness indentations (smaller diagonal for Cr-rich phases). Fig. 1 . Calculated distribution of ions and gaps after ion implantation of Mn + ions with E=175 keV [30] and the dose of implanted ions was set to D = 5⋅1016 Mn + /cm 2 and D = 1⋅1017 Mn+/cm 2 . Next, the samples were subjected to tribological tests on a pin-on-disc stand using the Nano Tribometer (NTR2 and N + ions with E=120 keV into the Stellite 6 cobalt alloy
The SEM analysis of individual indentations enabled to determine the average length of the diagonal impression of the indenter. On this basis, microhardness values were calculated. They are presented in Table 2 .
The expected dispersion of the microhardness measurement results has been confirmed by the variation coefficient. The highest scattering of results was found in the case of measurements of an unimplanted sample loaded with the value of 1gf, the coefficient of variation reached 39% indicates the average variability. In the case of other series of measurements, the variation rate does not exceed 25%, so it indicates low dispersion of the results around the mean value [33] .
The results of HV microhardness measurements are shown in Figure 4 . It follows that the ion implantation of both Mn and N ions influenced the increase in microhardness. The Kruskal-Wallis test showed statistically significant differences in microhardness of samples implanted with Mn and N ions with doses D=1•10 17 ions/cm 2 with compare to unimplanted sample. In the case of N ion implantation, this can be caused by the formation of nitrogen compounds in the material structure, which is described in the paper [34] . Manganese ion implantation does not cause the formation of new fractions, it is part of a solid solution, which was noted in [30] and the dose of implanted ions was set to D = 5•1016 Mn + /cm 2 and D = 1•1017 Mn + /cm 2 . Next, the samples were subjected to tribological tests on a pin-on-disc stand using the Nano Tribometer NTR2. In this case, the increase in microhardness could be associated with changes in the crystalline structure of the surface layer caused by the increase in stresses resulting from a higher number of defects than in the case of nitrogen implantation, which results from the SRIM simulation. The relation between microhardness growth and structural changes of the crystalline lattice is widely described in the literature [20, ] and annealing was found to cause a reversal of this effect to the values of the unimplanted material and lower. The decrease in hardness after annealing was higher for the higher implantation dose, indicating a dose-dependent effect. Rutherford backscattering results on the sample implanted with 1.5•1017 ions cm −2 show a buried nitrogen layer which decreased significantly after the annealing treatment. Transmission electron microscopy data show that isolated TiN islands form directly during implantation and grow during annealing. The defect density in the implanted material is markedly reduced after annealing. The results indicate that the increase in hardness in the as-implanted material is only due to the extended lattice damage and not to TiN formation. The effect of helium-implantation-induced defects on deformation behaviour is examined by comparing spherical nano-indents in unimplanted and helium-implanted regions of a tungsten single crystal. Helium-implantation increases hardness and causes large pileups. 3D-resolved X-ray micro-diffraction uniquely allows examination of the complex lattice distortions beneath specific indents. In the ion-implanted material we find reduced lattice rotations and residual strains due to indentation, indicating a more confined plastic zone. Together, our observations suggest that helium-induced defects initially act as efficient obstacles to dislocation motion, but are weakened by the subsequent passage of dislocations, causing a reduction in work hardening capacity. The calculated depth of penetration of the indenter indicates, that for a sample implanted with manganese ions with dose D=1•10 17 Mn + /cm 2 this value is more than twice higher than a range of ion implantation from the numerical simulation, and for the remaining samples the depth is three times higher than range resulting from the simulation. This indicates a visible effect of the implanted ions at depths greater than those resulting from the implantation process. In the literature, this phenomenon has been described as a longrange effect of ion implantation [36, 37, 38, 39] . The increase in the load to 5 gf resulted in an increase in the depth of microhardness tester penetration. The mean indexation depth for all the samples exceeded 0.71 um. The results of microhardness measurements are no longer so differentiated between individual samples and the mean value does not differ from the microhardness of the unimplanted sample by more than 5%. The Kruskal-Wallis test didn't show statistically significant differences between the microhardness of individual samples. This indicates a decrease in the significance of ion implantation for changes in the microhardness of the cobalt alloy. The results of the microhardness of individual samples measured at 5 gf load are shown in Figure 5 .
CONCLUSIONS
Cobalt alloys defined as Stellites due to their strength properties can be used in the construction of critical machine elements, such as components of combustion engines. In this paper, the influence of manganese and nitrogen ion implantation on the microhardness of cobalt alloy Stellite 6 was investigated. The following conclusions can be drawn:
• both manganese ion implantation with energy E=175 keV and nitrogen ion implantation with energy E=120 keV seems increasing the microhardness of cobalt alloy Stellite 6, • the highest increase in microhardness was observed for the sample implanted with manganese ions with a dose D=1•10 17 Mn + /cm 2 , • the effect of ion implantation on microhardness is noticeable at depths greater than the original range of the implanted ions, which confirms the long-range effect of ion implantation, • measuring within comparison to the Vickers HV0.001, measuring with HV0.005 scale effects on a greater depth of the indentation, which results in a reduced difference between the microhardness of the implanted and unimplanted samples, • increased energy of nitrogen ion implantation showed no increase in HV 0.005 microhardness compared to the results presented in the paper [24] , • the use of ion implantation to improve mechanical properties may be justified in the case of precision machinery and pairs where the importance of tenths of a micrometer is important for the efficient operation of the machine.
